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The study investigated the effects and mechanisms of clay content, emulsion
water content, pH, and metal cations on clay-crude oil emulsions. The results
indicate the following: 1) At a water content of 50 V/V%, montmorillonite can
form emulsions with crude oil at different concentrations, with the highest
stability observed at 5 wt% content. In contrast, chlorite, illite, and kaolinite
cannot form emulsions at low concentrations. 2) Under acidic conditions,
montmorillonite, illite, and chlorite cannot form emulsions with crude oil, or
the emulsions are highly unstable. However, kaolinite forms more stable
emulsions under acidic conditions. In alkaline environments, emulsions
formed by all clay minerals exhibit increased stability. 3) The order of the
effectiveness of different metal cations in reducing the stability of
montmorillonite-crude oil emulsions is K+ > Na+ > Mg2+ > Ca2+, while for
chlorite, illite, and kaolinite, it is Mg2+ > Ca2+ > K+ > Na+. 4) The factors that
influence the stability of clay-crude oil emulsions are the arrangement of clay
particles in water and the dispersion capability of clay particles in water. The most
significant influencing factor is the arrangement of clay particles in water.
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1 Introduction

Currently, global energy consumption has reached a historic peak, triggering significant
transformations in global energy trade and supply-demand dynamics. The international energy
price system exhibits volatility, with the preservation of energy supply security now constituting
the foremost objective in nations reliant on energy imports. Currently, the majority of initially
developed oil fields have advanced into intermediate and late developmental stages. Effectively
extracting the remaining oil from these reservoirs represents the primary technical challenge in
the current context. To meet the escalating global demand for oil, enhancing the oil recovery
rate is of paramount importance. Primary and secondary oil recovery technologies can recover
only 30%–40% of the total crude oil reserves. Consequently, tertiary oil recovery technology,
capable of extracting 60%–70% of the remaining crude oil in reservoirs, has garnered global
attention (Janssen et al., 2019; Liu et al., 2020).

Numerous factors contribute to the formation of emulsions between crude oil and water,
primarily categorized into two aspects: 1. During oil and water extraction and transportation,
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turbulence and agitation occur in locations like pores, pipelines, and
pumps, leading to thorough mixing and emulsion formation. 2.
Interfacially active substances are present in the crude oil during
extraction, comprising both artificially introduced compounds and
naturally occurring reservoir components (He et al., 2022; Zhang et al.,
2023). These active substances encompass surfactants, binary systems,
and alkalis. The artificially introduced ones consist of surfactants and
bases, while the reservoir hosts natural interfacially active substances
like waxes, asphaltenes, colloids, clays, and microorganisms. Crude oil
emulsion constitutes a thermodynamically unstable multiphase
dispersion system. When liquid is dispersed into droplets, it
escalates the interfacial area between the two liquids, leading to
increased interfacial free energy. This renders the emulsion
thermodynamically unstable. However, interfacially active substances
can adsorb at the oil-water interface, significantly reducing the
interfacial tension between oil and water, thereby stabilizing the
entire system (Sztukowski and Yarranton, 2005; Liu et al., 2019).

Pickering discovered that solid particles can effectively stabilize
emulsions. Solid particles possessing surface activity adhere to the
oil-water interface, forming a dense film that enhances the stability
of the oil-water emulsion. These solid particles in Pickering
emulsions present an excellent alternative to traditional
surfactants, offering superior thermal stability, cost-effectiveness,
and environmental friendliness. Presently, Pickering emulsion
systems find application across diverse fields. Given their
expansive oil-water interface, these systems offer an ideal
platform for interfacial catalysis (Crossley et al., 2010). Moreover,
due to their non-irritating nature, Pickering emulsions are employed
in pharmaceuticals for drug delivery (Oka et al., 2015; Ana Maria
Bago Rodriguez, 2020).

Currently, within the petroleum industry, Pickering emulsions
have garnered considerable attention from experts (Liu et al., 2021).
Their exceptional stability under high-temperature and high-
pressure conditions positions Pickering emulsion systems as a
promising avenue for enhancing crude oil recovery (Hu et al.,
2023). Furthermore, Pickering emulsions have been investigated
for their potential in drilling fluids, as the inclusion of solid particles
can augment fluid viscosity (Son et al., 2015; Zhang et al., 2015).

"Clay" serves as a collective term encompassing various minerals,
predominantly characterized by a 1:1 or 1:2 ratio of silicon dioxide
tetrahedra to aluminum oxide octahedra (Uddin, 2008). Reservoirs
commonly host clay minerals, including montmorillonite, kaolinite,
illite, and chlorite, with particle sizes reaching several tens of
micrometers. Clay minerals within the formation undergo
expansion upon water absorption, leading to the formation of
smaller layers, sometimes as minute as the nanometer scale. During
this stage, clay particles exhibit a significantly larger specific surface
area, enabling their adsorption at the oil-water interface, thereby
contributing to emulsion stabilization (Abend and Lagaly, 2001).

Most oil reservoirs contain a significant clay content, ranging
from 20% to 50% (Kassab et al., 2021; Hua et al., 2022). During the

oil recovery process, the increasing clay content in these reservoirs
presents substantial challenges for demulsifiers, resulting in elevated
oilfield expenses and extended operational periods. Although certain
studies have examined the effects of bentonite and kaolinite on crude
oil emulsions, no comprehensive investigations have explored the
impacts of montmorillonite, kaolinite, chlorite, and illite on
emulsion formation and stability (Abend and Lagaly, 2001; Zhu
and Wang, 2022). Consequently, this study offers a detailed analysis
of the influence of these four distinct clay types on emulsion
formation and stability under varying conditions.

2 Materials and methods

2.1 Materials

2.1.1 Chemicals
Crude oil, produced from the Xinjiang oilfield in China, Specific

parameters of crude oil are detailed in Table 1. Montmorillonite,
illite, kaolinite, and chlorite are produced in Hebei Province, China.
Sodium hydroxide (NaOH, AR, ≥97%, Shanghai Aladdin
Biochemical. Technology Co., Ltd., China). Hydrochloric acid
solution (37%, Shanghai Aladdin Biochemical Technology Co.,
Ltd., China). Sodium chloride (NaCl, AR, 99.5%, Shanghai
Aladdin Biochemical Technology Co., Ltd., China). Potassium
chloride (KCl, AR, 99.5%, Shanghai Aladdin Biochemical
Technology Co., Ltd., China). Magnesium chloride hexahydrate
(MgCl2 · 6H2O, AR, 99%, Shanghai Aladdin Biochemical
Technology Co., Ltd., China). Calcium chloride (CaCl2, AR,
99.5%, Shanghai Aladdin Biochemical Technology Co., Ltd., China).

2.1.2 Instruments
52–01005 A high-definition video microscope (Bresser,

Germany). SF750 high-speed mixer (Chengdu Lichen Technology
Co., Ltd., China). Zetaprobe Zeta Potentiometer (Brookhaven
Instruments, United States).

2.2 Methods

2.2.1 Preparation of clay-crude oil emulsions
The clay was introduced into water and agitated vigorously for

5 min at 10,000 rpm using a high-speed mixer to ensure the uniform
dispersion of clay particles in the water, resulting in the formation of a
clay dispersion liquid. In this clay dispersion, crude oil was added and
stirred at 10,000 rpm for 5 min, achieving the homogeneous dispersion
of crude oil within the clay dispersion to create an emulsion. This study
involved the preparation of clay-crude oil emulsions under various
conditions, including different types of clay, varying clay
concentrations, water content, pH levels, and distinct metal cations.
The specific experimental setups are detailed below:

TABLE 1 Specific parameters of crude oil.

Saturated
hydrocarbon (%)

Aromatic
hydrocarbon (%)

resins
(%)

asphaltenes
(%)

Viscosity at 25°C
(mPa·s)

TAN
(mg KOH/g)

72.31 16.54 6.43 4.72 6 4.22

Frontiers in Energy Research frontiersin.org02

Zhang et al. 10.3389/fenrg.2024.1362462

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1362462


(1) Clay-crude oil emulsions with varying clay and water contents:
The clay minerals used are montmorillonite, illite, kaolinite, and
chlorite, with each mineral’s content in the emulsion system set
at 0.5 wt%, 1 wt%, 3 wt%, and 5 wt%. The emulsions are
prepared with water contents of 50 V/V% and 30 V/V%.

(2) Clay-crude oil emulsion under diverse pH conditions:
Deionized water’s pH is adjusted using NaOH and HCl to
levels of 2, 4, 7, 9, and 11. A clay dispersion is formed for
montmorillonite, illite, chlorite, and kaolinite, each paired with
crude oil, resulting in a clay-crude oil emulsion with each clay
mineral’s content at 5 wt% and water content set at 50 V/V%."

(3) Clay-crude oil emulsion with various metal cations:
Deionized water was supplemented with NaCl, KCl,
MgCl2-H2O, and CaCl2, with the brine concentration in all
configurations set at 0.5 mol/L. Clay dispersions of
montmorillonite, illite, chlorite, and kaolinite were then
prepared to create clay-crude oil emulsions in conjunction
with crude oil. The clay mineral contents in all emulsions
were 5 wt%, and the water contents were 50 V/V%.

2.2.2 Observation of emulsion stability
The stability of the emulsion was assessed using a bottle

experiment. The prepared emulsion was placed into a sealed glass
bottle with a 50 mL capacity and an 11 cm height. The layering
condition of the emulsion was observed at various time intervals.
The experimental temperature is 25°C.

2.2.3 Microscopic observation of emulsion
morphology

The microscopic morphology of the emulsion was examined using
a high-definition microscope. A prepared emulsion was dispensed
drop by drop onto a glass slide using a rubber-tipped dropper. To
facilitate optimal light transmission through the emulsion, the
emulsion was evenly spread on the glass slide with a cell spatula.
Subsequently, the glass slide was positioned on the microscope stage
for observation. The experimental temperature is 25°C.

2.2.4 Zeta potential test
A zeta potential meter was employed to assess the zeta potential

of the clay dispersion under various conditions, with a clay particle
concentration of 0.1 kg/L. Each sample underwent five parallel
experiments to ensure data accuracy. The experimental
temperature is 25°C.

2.2.5 Rheological properties
Using a rotational rheometer, the rheological properties of clay

dispersion liquids were measured, including the viscosity of clay
dispersion liquids and the variation of shear stress with shear rate.
The shear rate range was set from 2 s−1 to 40 s−1, at a temperature of
25°C. In this study, we tested the rheological properties of four types
of clay dispersion liquids under different pH conditions and
concentrations. The experimental temperature is 25°C.

2.2.6 Particle size distribution test
In this study, the particle size distribution of clay particles in the

clay dispersion solution and the droplets in the emulsion will be
tested. The testing methods for the two samples are different. In the
clay dispersion solution, only clay particles are present as the

dispersed phase, so testing can be directly conducted using a
laser particle size analyzer. However, in the emulsion, clay
particles coexist with droplets, thus requiring the use of image
processing software to statistically analyze the droplet size
distribution of the emulsion. The specific procedures are as follows.

2.2.6.1 Particle size distribution test of clay
dispersion solution

Using a laser particle size analyzer to determine the particle size
of clay dispersion liquids, a certain concentration of clay dispersion
liquid was prepared and placed in the sample chamber to measure
the particle size distribution of the clay dispersion liquid. We
conducted particle size distribution tests for clay minerals at
concentrations of 0.5 wt% and 5 wt%. The experimental
temperature is 25°C.

2.2.6.2 Particle size distribution test of emulsion
Photograph the prepared emulsion using a high-resolution

microscope, process the images using Nano Measurer software,
and obtain the droplet size distribution of the emulsion.

3 Results and discussion

3.1 Effect of clay content and water content
on clay-crude oil emulsion

3.1.1 Effect of clay content on clay-crude
oil emulsion

Under pH = 7 conditions, montmorillonite dispersions of various
concentrations exhibited the ability to form emulsions with crude oil.
However, when the montmorillonite content was below 3 wt%,
emulsions tended to separate rapidly. At montmorillonite contents
of 3 wt% and 5 wt%, the emulsions remained highly stable, the system
viscosity increased, and no delamination occurred even after 24 h.
Conversely, kaolinite, illite, and chlorite only formed emulsions at 5 wt
% and experienced relatively rapid delamination (Figure 1). The
particle size distribution and viscosity variations of clay dispersion
liquids for four types of clay were tested at different clay
concentrations. As the clay content increased, the distance between
clay particles decreased, making them more prone to aggregation and
forming larger particles. Simultaneously, due to the closer arrangement
of clay particles, the interaction forces between particles increased,
leading to an increase in the viscosity of the clay dispersion liquid.
When the clay particle concentration is 0.5 wt%, the particle size of clay
particles mainly ranges from 1 to 10 μm. When the concentration
increases to 5 wt%, the clay particle size increases to 1–100 μm
(Figure 2), the viscosity of the clay dispersion increases with the
increase in clay content (Figure 3). The increased viscosity of the
clay dispersion liquid hinders the displacement of emulsion droplets in
the system, thereby impeding the aggregation and breakup of droplets,
resulting in a more stable emulsion.

After 24 h of observation, the emulsion displayed layering,
segregating into four parts from top to bottom:

(1) Oil sludge layer: This layer, devoid of emulsion droplets,
forms due to the mixture of crude oil and clay particles. It
possesses high viscosity and limited fluidity. The formation of
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this part is due to the ascent of oil droplets and the carrying of
clay particles when the emulsion breaks.

(2) Oil droplet layer: Primarily consisting of unbroken oil
droplets that ascend and aggregate under buoyancy,
signifying that even in a stratified emulsion system, clay
particles effectively stabilize the oil-water interface,
resulting in numerous unbroken oil droplets.

(3) Clay dispersion layer: This layer is devoid of crude oil and
contains only a small number of dispersed clay particles.

(4) Clay accumulation layer: A substantial accumulation of clay
particles precipitates and gathers at the bottom.

The microstructure of the montmorillonite-crude oil emulsion
system at various montmorillonite contents is illustrated in Fig.

FIGURE 1
After 24 h, stratification of emulsions at different concentrations of clay. (A) Montmorillonite. (B) Kaolinite. (C) Illite. (D) Chlorite.

FIGURE 2
(A) Particle size distribution at a clay concentration of 0.5 wt%. (B) Particle size distribution at a clay concentration of 5 wt%.
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With increasing montmorillonite content, the clay particles in the
aqueous phase between oil droplets progressively rise. Ultimately,
when montmorillonite content reaches 5 wt%, the aqueous phase

between the oil droplets is almost entirely filled with
montmorillonite particles (Figure 4). Due to the increase in clay
particle content, it becomes difficult for the emulsion droplets to
aggregate with each other, resulting in a decrease in the diameter of
the formed emulsion droplets (Figure 5). At the same concentration,
the water phase between oil drops in the kaolinite, illite, and chlorite
dispersions is also filled with a large number of clay particles.

Montmorillonite exhibits a higher propensity to form emulsions
compared to the other three clays due to two primary factors:

(1) Its superior water absorption and swelling properties;
(2) The unique arrangement of montmorillonite particles in

water (Johnston et al., 1992).

Among the four clay minerals, only montmorillonite qualifies as
an expansive clay, while the other three are non-expansive clays. Weak
interlayer bonding in montmorillonite crystals facilitates extensive
hydration, allowing water molecules to penetrate the crystal
interlayer. Consequently, the particles disperse more evenly in
water, maintain a smaller size, and are less prone to aggregation. In
contrast, illite interlayers contain K+ ions with strong bonding, chlorite

FIGURE 3
Viscosity of clay dispersion liquids at different clay
concentrations.

FIGURE 4
Microscopic morphology of emulsion under different montmorillonite contents. (A) Microscopic morphology of emulsion with a clay content of
0.5 wt%, no obvious clay particles between oil droplets. (B)Microscopic morphology of emulsion with a clay content of 5 wt%, the oil droplets are filled
with clay particles between them.

FIGURE 5
Microscopic morphology of emulsion under different montmorillonite contents. (A) The droplet diameter distribution of the emulsion at clay
content of 0.5 wt%. (B) The droplet diameter distribution of the emulsion at clay content of 5 wt%.
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interlayers are rich in hydroxideswith hydrogen bonding, and kaolinite
lacks exchangeable cations in its interlayer, preventing water molecules
from penetrating. Therefore, only montmorillonite among the four
clay minerals undergoes interlayer hydration and exhibits superior
swelling properties.

Clay particles in water can be categorized into three
arrangements: face-face (F-F), face-edge (F-E), and edge-edge
(E-E). Montmorillonite particles in water are arranged in a F-E
configuration, while particles of kaolinite, illite, and chlorite adopt a
F-F arrangement (Figure 6). Oil droplets in montmorillonite-based
emulsions within the F-E arrangement are sandwiched between oil
droplets in the aqueous phase, providing a stable structure that
minimizes emulsion disruption.

It should provide a concise and precise description of the
experimental results, their interpretation, as well as the
experimental conclusions that can be drawn.

3.1.2 Effect of water content on clay-crude
oil emulsion

Montmorillonite can create emulsions at various concentrations
when subjected to 30 V/V% water content. However, stratification
was notably swifter when the montmorillonite content was 0.5 wt%,
1 wt%, and 5 wt%. No stratification was observed after 24 h with a
3 wt% montmorillonite content. The most rapid stratification
occurred in emulsions containing 5 wt% montmorillonite, leading
to the rapid settlement of a significant quantity of white
montmorillonite particles at the bottom. Conversely, kaolinite,
illite, and chlorite did not yield emulsions when combined with
crude oil at varying concentrations.

A reduction in water content, while keeping clay content constant,
leads to a decrease in the available water molecules for expanding clay
minerals. Consequently, clay minerals become less prone to
expansion. During this phase, the aqueous phase predominantly
contains large clay particles that cannot be adsorbed at the oil-
water interface. This results in an accelerated settling rate, making
it impossible to establish a stable emulsion (Abbas, 2021).

3.2 Effect of pH on clay-crude oil emulsion

Under alkaline conditions, all four clay minerals can disperse and
create emulsions with crude oil. However, the emulsion system
formed by kaolinite, chlorite, and illite dispersions exhibits a rapid
delamination rate, in contrast to the highly stable montmorillonite-

crude oil emulsion, which shows no delamination even after 24 h. In
acidic conditions, an anomaly arises: montmorillonite dispersion can
indeed form an emulsion with crude oil, but delamination occurs at a
faster pace. Illite and chlorite dispersions fail to establish stable
emulsions with crude oil under acidic conditions. Surprisingly,
kaolinite can form a stable emulsion with crude oil under acidic
conditions, and the system viscosity gradually increases (Figure 7).

The hydroxyl groups exposed on the clay surface tend to
decompose. At higher pH levels, there is a greater influx of H+

ions into the water, leading to an increase in the negative charge on
the clay surface. This results in an increased absolute value of ζ-

FIGURE 6
Different arrangements of clay particle. (A) F-F. (B) F-E. (C) E-E.

FIGURE 7
Settlement of clay with different pH values.

FIGURE 8
Zeta potential of clay with different pH values.
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potential, strengthening the electrostatic repulsion between clay
particles. As a result, it becomes challenging for clay dispersions
to aggregate under alkaline conditions. When the pH falls below 7,
the water’s H+ concentration rises, leading to more H+ ions
interacting with the clay particle surfaces for potential
neutralization. During this phase, the absolute value of the clay
particles’ zeta-potential decreases, weakening the electrostatic
repulsion between particles and making them more prone to
aggregation and settling (Figure 8) (Arroyo and Olicares, 2000;
Fabrice et al., 2013).

Rheological tests were conducted on kaolinite dispersion liquids at
different pH levels. When pH > 7, kaolinite dispersion liquids exhibited
shear-thinning behavior, with viscosity increasing as pH rose (Figure 9),
accompanied by the development of yield strength. In contrast, the
viscosity of dispersion liquids for the other three clay minerals did not
varywith changes in pH (Figure 10). The charge at the edges of kaolinite
primarily arises from the dissociation of hydroxyl groups. In neutral and
alkaline settings, both the bottom surfaces and edges of kaolinite
mineral particles carry a negative charge, resulting in an F-F
arrangement between particles. However, in an acidic environment,
the edge surface of kaolinite becomes positively charged while the
bottom surface retains a negative charge. Consequently, the
arrangement between kaolinite particles shifts to an F-E
arrangement, akin to that of montmorillonite, leading to an increase
in slurry viscosity. As a result, the kaolinite’s arrangement structure in
the aqueous phase between oil droplets under acidic conditions plays a
stabilizing role, enhancing the overall stability of the emulsion system
(Figure 6) (Chorover and Sposito, 1995; Huertas et al., 1999).

3.3 Effect of metal cations on clay-crude
oil emulsion

The introduction of metal cations will reduce the stability of
different clay crude oil emulsion systems. The order of decreasing
degree of stability of kaolinite, illite and chlorite emulsion system by
different cations is: Mg2+>Ca2+>K+>Na+. In contrast, for
montmorillonite, the order is K+ > Na+ > Mg2+ > Ca2+. In the
presence of K+, montmorillonite dispersion struggles to form
emulsions with crude oil, while in the presence of Na+, the

emulsion formed by montmorillonite dispersion becomes
exceedingly unstable, leading to rapid emulsion breakdown and
the emergence of visible, large-sized oil droplets (Jiang et al., 2014).

The impact of these four metal ions on kaolinite, illite, and
chlorite results from the adsorption of metal ions onto clay particle
surfaces. This is a consequence of the negatively charged surfaces of
clay minerals, which attract positively charged metal ions. As a
result, metal ions compress the diffuse bilayer on clay particle
surfaces, reducing electrostatic repulsion between particles. The
hydration capacity of clay particle surfaces greatly exceeds that of
metal ions. Consequently, when metal cations adsorb to clay particle
surfaces, it leads to a decrease in the thickness of the hydration film
on clay particle surfaces and, consequently, a reduction in repulsive
forces between particles. Moreover, the higher the valence number
of the metal cation, the more significant the decrease in the
hydration capacity of clay particles. The mechanism for the
impact of Mg2+ and Ca2+ on montmorillonite is analogous (Gui
et al., 2016).

However, the influence of Na+ and K+ on montmorillonite extends
beyond the inhibition of surface hydration. Both Na+ and K+ have the
capacity to permeate the montmorillonite crystal layers, displacing
interlayer water molecules. This process results in a reduction in the

FIGURE 9
(A) Variation of viscosity of kaolinite dispersion liquids with shear rate at different pH levels. (B) Variation of shear stress with shear rate in kaolinite
dispersion liquids at different pH levels.

FIGURE 10
Variation in viscosity of clay dispersion liquids with pH for
different clay minerals.
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distance between crystal layers, intensifying their effects. Notably, K+

exhibits a more potent inhibitory impact on montmorillonite hydration
compared to Na+. This discrepancy arises from the lower hydration
energy of K+ (393 kJ/mol) compared to the other three metal cations,
rendering it more prone to adsorption by montmorillonite (Ren et al.,
2021). Once inside the interlayer, K+ remains unhydrated, and its smaller
radius in relation to the crystal layer spacing prompts it to generate
binding forces with both sides of the crystal layers, causing the
accumulation of more layers and, ultimately, agglomeration and
precipitation (Figure 11).

While chlorite, illite, andmontmorillonite share the classification of
2:1 minerals, chlorite possesses a unique feature with a layer of
hydroxide (either magnesium hydroxide or aluminum hydroxide)
nestled between its crystal layers. This hydroxide replaces the
interlayer cations of chlorite, leading to hydrogen bonding between
the chlorite crystal layer and the hydroxide. In illite, a substantial
quantity of K+ naturally resides within the crystal layer itself.
Consequently, it is challenging for Na+ and K+ to penetrate the
interlayer between chlorite and illite, limiting their actions to the
particle surfaces. In contrast, kaolinite exhibits a smaller surface
charge density and thinner surface hydration layer compared to the
other three clay minerals, resulting in a more compact interlayer
structure (Xuan et al., 2013; Jiang et al., 2014). Consequently, Na+

and K+ face difficulty entering the kaolinite crystal layer. Hence, the four
metal ions, Na+, K+, Mg2+, and Ca2+, primarily exert their influence on
the surfaces of kaolinite, illite, and chlorite particles, with the degree of
hydration inhibition becoming more pronounced as the valence of the
metal cation increases.

4 Conclusion

(1) Among the four clay minerals, montmorillonite, illite, chlorite,
and kaolinite, only montmorillonite dispersion yields the most
stable emulsion. This is attributed to montmorillonite’s superior
water dispersion properties and the F-E arrangement between its
particles, which enhances emulsion stability.

(2) The absolute zeta potential of montmorillonite, illite, chlorite,
and kaolinite exhibits an increase with rising pH levels, resulting
in enhanced dispersion in water. In acidic conditions, kaolinite-
crude oil emulsions gain increased stability due to the alteration
of kaolinite’s particle arrangement from F-F to F-E. Conversely,

montmorillonite, illite, and chlorite become more prone to
agglomeration and sedimentation under acidic conditions,
stemming from a reduction in the absolute value of the zeta
potential and the ensuing decrease in electrostatic repulsion
between particles. Consequently, the emulsions disintegrate
swiftly, and in some cases, fail to form emulsions at all.

(3) The order of magnitude concerning the influence of different
metal cations on the reduction of stability in
montmorillonite-crude oil emulsion is as follows: K+ >
Na+ > Mg2+ > Ca2+. In contrast, for chlorite, illite, and
kaolinite, the order is Mg2+ > Ca2+ > K+ > Na+. This
discrepancy arises from the capacity of Na+ and K+ to not
only inhibit montmorillonite hydration on its particle
surfaces and compress the bilayer but also their ability to
penetrate the montmorillonite crystal interlayer, enhancing
interlayer forces and promoting montmorillonite
agglomeration in the presence of these two ions. However,
due to the distinct structures of clay minerals, Na+ and K+ are
unable to enter the interlayers of chlorite, kaolinite, and illite.
Consequently, these metal ions exclusively interact with the
surfaces of these three clay minerals, with the degree of their
effects being solely dependent on the valence of the metal ions

(4) It was observed that the configuration of clay particles in
the aqueous phase exerted the most significant impact on
the stability of the clay-crude oil emulsion system. Among
the three evaluated particle arrangements F-F, F-E, and
E-E, the F-E arrangement proved to be the most stable. The
particle dispersion size played a secondary role.
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